although the majority displayed various degrees of developmental delay and speech disturbances. Other clinical features included behavioral problems, hypotonia, and dysmorphic facial features. Notably, none of the patients was diagnosed with a congenital heart defect. We found a high degree of inherited duplications. Additional copy number changes of unclear clinical significance were identified in 5 of our patients, and it is possible that these may contribute to the phenotypic expression in these patients as has been suggested recently in a 2-hit 'digenic' model for 16p12.1 deletions. The varied phenotypic expression and incomplete penetrance observed for distal 22q11.2 duplications makes it exceedingly difficult to ascribe pathogenicity for these duplications. Given the observed enrichment of the duplication in patient samples versus healthy controls, it is likely that distal 22q11.2 duplications represent a susceptibility/risk locus for speech and mild developmental delay. 
The chromosome region 22q11.2 has long been recognized as a hotspot for genomic rearrangement and related disorders, such as 22q11.2 deletion syndrome (DiGeorge syndrome/velocardiofacial syndrome, OMIM 188400/ OMIM 192430) [DiGeorge and Harley, 1965; Shprintzen et al., 1978] , der (22) t(11; 22) syndrome (OMIM 609029) and cat-eye syndrome (OMIM 115470) [Guanti, 1981; Edelmann et al., 1999a] . Der (22) syndrome and cat-eye syndrome are rare conditions characterized by increased copy-number of the most centromeric part of 22q11 [Zackai and Emanuel, 1980; McDermid and Morrow, 2002] , whereas the microdeletions of 22q11.2 occur more often, with an estimated frequency of 1 in 4,000-6,000 live births [Yamagishi, 2002; Botto et al., 2003] . The 22q11 deletion syndrome is characterized by congenital heart defects, immune deficiency, transient neonatal hypocalcemia, velopharyngeal insufficiency and a distinctive facial appearance but also by learning disabilities and behavioral anomalies. The phenotype is variable with multiple organ systems being affected [Shprintzen et al., 1981; Scambler et al., 1992; Robin and Shprintzen, 2005] . Although the majority of the 22q11.2 deletions are de novo, some deletions (6-25%) are inherited from mildly affected or normal parents [Leana-Cox et al., 1996; McDonald-McGinn et al., 1997 , 2001 Ryan et al., 1997; Matsuoka et al., 1998 ].
The genomic region of chromosome band 22q11.2 contains several large segmental duplications/low copy repeats (LCRs) that function as mediators of non-allelic homologous recombination (NAHR) and predispose the genomic region to chromosomal rearrangements [Edelmann et al., 1999b; Shaikh et al., 2000; Ensenauer et al., 2003] . Eight LCR clusters (LCR22A-H) have been identified in the 22q11.2 genomic region [Edelmann et al., 1999c; Shaikh et al., 2000 Shaikh et al., , 2007 . The modules that build these LCR show significant (97-98%) sequence identity to each other, although the LCR22s differ between each other in content and organization of the modules [Shaikh et al., 2000] . Most ( 1 85%) individuals with proximal (involving LCR22A-D) 22q11 deletions (i.e. 22q11.2 deletion syndrome) have a 3-Mb deletion [Morrow et al., 1995; Shaikh et al., 2000; Emanuel, 2008] with breakpoints in LCR22s A and D [Edelmann et al., 1999b; Babcock et al., 2003] , the largest and most complex of the LCR22s. Deletions mediated by distal LCR22s (LCR22E-H) have also been described, although these deletions are found less frequently than the common proximal 22q11 deletions [Rauch et al., 1999; Saitta et al., 1999; Mikhail et al., 2007; Ben-Shachar et al., 2008] . This may be due to differences in the rates of genomic rearrangement mediated by the various LCR clusters (due to underlying sequence identity/motif organization differences) [Shaikh et al., 2007] or the wider phenotypic spectrum associated with distal deletions. A systematic assessment of atypical 22q11.2 deletions showed that atypical congenital heart defects and mild dysmorphism are recognizable features in patients with distal 22q11.2 deletions but very uncommon in patients with conotruncal heart defects [Rauch et al., 2005] .
The proximal breakpoint for most reported distal 22q11.2 deletions has been shown to lie within LCR22D, whereas the distal breakpoints appear to be spread across the other LCR22 clusters [Saitta et al., 1999; Shaikh et al., 2007] . In 2007, detailed molecular analysis reported by Shaikh et al. showed that the distal deletion breakpoints mapped to a BCRL (breakpoint cluster region-like) module, suggesting that homologous sequences within this module may represent a rearrangement hotspot. The BCRL module is present in all LCR22s except for in LCR22B [Shaikh et al., 2007] . The orientation of these BCRL modules may predict between which LCR22s it is likely that NAHR will occur, since it has been proposed that modules within the LCRs that have a direct orientation with respect to one another are likely to mediate rearrangements [Shaffer and Lupski, 2000] .
To date, about 50 index cases with proximal (involving LCR22A-D) 22q11.2 duplications have been reported [Edelmann et al., 1999c; Ensenauer et al., 2003; Hassed et al., 2004; Portnoi et al., 2005; Sparkes et al., 2005; Alberti et al., 2007; Ou et al., 2008; Wentzel et al., 2008; Yu et al., 2008] . The phenotypes of the patients with proximal 22q11.2 microduplications are diverse, with symptoms ranging from mild learning disability and mild dysmorphic facial features to severe mental retardation and multiple congenital malformations [Ensenauer et al., 2003] . Other phenotypic features observed include speech delay, behavioral problems, hearing loss, growth delay, urogenital abnormalities, muscular hypotonia, congenital heart malformation, seizures and bladder exstrophy [Wentzel et al., 2008; Portnoi, 2009; Draaken et al., 2010; Lundin et al., 2010] . Many families in which patients inherited the duplication from mildly affected or asymptomatic parents have been reported. The paucity of reported proximal 22q11.2 microduplication cases may, in part, be explained by the absence of a defined phenotype and the wide range of and sometimes mild symptoms with the possibility of incomplete penetrance [Wentzel et al., 2008] . Therefore, mild cases with microduplications within proximal 22q11.2 may not be subject to testing. In addition, limitations in the previously used molecular techniques made it difficult to detect extra copies of such small regions [Sparkes et al., 2005] .
Twenty-two index cases with 22q11.2 duplications involving the distal LCR22s have been reported so far [Descartes et al., 2008; Ou et al., 2008; Coppinger et al., 2009; Shimojima et al., 2010] . Similar to the proximal duplications, there seems to be a high rate of familial transmission [Ensenauer et al., 2003; Hassed et al., 2004; Portnoi et al., 2005; Ou et al., 2008] and the phenotypes vary among family members carrying the duplications [Ensenauer et al., 2003; Yobb et al., 2005; Ou et al., 2008] . In the study by Coppinger et al., the clinical picture varied with no clearly definable collection of phenotypic features shared among the patients and no correlation could be recognized between the severity of the clinical features and the size or location of the duplications [Coppinger et al., 2009] .
In this present study, we report on the clinical and molecular characterization of 16 individuals with duplications of chromosome region 22q11.21-q11.23 (i.e. distal 22q11.2 duplications).
Material and Methods
Array analysis was performed on 11,463 patients referred to different European and Australian clinical genetics centers for a variety of neurodevelopmental phenotypes. Six patients were recruited from Nijmegen (the Netherlands), 6 patients from Melbourne (Australia), 2 patients from Oxford (England), 1 patient from Pavia (Italy) and 1 patient from Stockholm (Sweden). Two of the patients have been published previously elsewhere ( table 1 ) [Bruno et al., 2009; Wincent et al., 2011] .
In order to find etiological causes for the patients' phenotypes, DNA samples isolated from peripheral blood lymphocytes were analyzed with genome-wide DNA microarrays (molecular karyotyping). The arrays used encompassed 38K BAC, 180K Agilent, 244K Agilent, Illumina-12-300K or 250K NSP Affymetrix ( table 1 ). If possible, the patients initially analyzed by the 38K BAC array or the 250K NSP array were reanalyzed with the 244K/180K Agilent array in order to refine the breakpoints. If available, parental samples were investigated for inheritance by molecular karyotyping or multiplex ligation probe amplification (MLPA). Phenotypic data on patients and parents were collected from the referring physicians.
244K/180K oligonucleotide arrays with complete genome coverage produced by Agilent Technologies (Palo Alto, Calif., USA) were used. Experiments were performed according to the manufacturer's protocol. After hybridization and washing, the slides were scanned on an Agilent Microarray Scanner. Captured images were analyzed with Feature Extraction Software v. 9.1 and ADM2 algorithm in the DNA analytics software (V4.0) (Agilent Technologies). Genomic start and stop positions of the duplications were determined by visual inspection of the numerical normalized log2 ratio values in the table view of the DNA analytics software package. Genomic positions are according to the NCBI36/hg18 build in UCSC.
MLPA was used in some of the cases for confirmation of gene dose imbalances and for investigation of parental samples. Synthetic MLPA probes were designed as described previously [Barbaro et al., 2007] . The MLPA reaction was performed according to the manufacturer's standard protocol and reagents (MRC Holland, Amsterdam, the Netherlands).
Results
Among 11,463 patients with idiopathic mental retardation, brain malformations, autism spectrum disorders, and/or speech delay, we identified 16 individuals with duplications of chromosome band 22q11.21-q11.23. One duplication was flanked proximally by LCR-C, 3 by LCR-D, 5 by LCR-E and 7 by LCR-F. The distal breakpoints were in 1 case flanked by LCR-E, in 2 cases by LCR-F, and in 10 cases by LCR-H. In 3 cases the distal breakpoint was located between LCR-D and LCR-E ( table 1 , fig. 1 ).
In 2 cases the duplication was de novo, in 10 cases it was inherited and in 4 cases parental samples were not available. The parents of cases 2, 5, 9, 11 and 15 had duplications but were reported to be clinically healthy. The duplication was also identified in the apparently unaffected maternal grandmother of case 5. However, the mother of case 3, who had the duplication, had learning and behavioral problems. The clinical status of the other parents carrying duplications was unavailable. Case 1 was initially referred to the genetic center to exclude BeckwithWiedemann syndrome because during pregnancy a large tongue, a large placenta and polyhydramnion were noted. After birth he showed facial hemangioma and a large tongue. However, methylation of LIT1 and H19 were normal and since the boy did not demonstrate any other BWS characteristics (such as overgrowth, asymmetry, organomegaly, hypoglycaemia, ear creases or umbilical hernia), he was no longer suspected of BWS. The de novo duplication identified in this patient, partly overlapped that of a previously reported de novo duplication identified in patient 10 in the study by Coppinger et al. [2009] ( fig. 1 ) . Case 16, a boy with a severe speech and language disturbance, is to the best of our knowledge the first reported patient with a de novo duplication involving LCRF-H.
There have been no previous reports of cases with duplications flanked by LCRE-F, but 2 such duplications were identified among our patients. Case 5, with a maternally inherited duplication, had mild developmental delay and behavioral problems. The duplication was also identified in the maternal grandmother. Case 6 had a severe developmental delay, autism, epilepsy and absence of septum pellucidum. The origin of her duplication was unknown. One paternally inherited D-E duplication has previously been described in a girl with developmental delay and dysmorphic features (patient 7 in the study by Ou et al.) . We identified a maternally inherited D-E duplication in a girl (case 2) with a mild developmental delay, friendly behavior and dysmorphic facial features including a high broad forehead, downslanting low-set ears with flat upper helices, coarse nose, broad mouth, full lips, and retrognathia.
In 5 cases (31%), additional copy number changes of unclear significance were identified. A paternally inherited 170-kb duplication of chromosome 6p22.3 (chr6: 15387469-15557420) was found in case 2. The duplication comprised 2 exons of JARID2 which is an ortholog of the mouse jumonji gene, which encodes a nuclear protein essential for mouse embryogenesis. Case 3 showed a paternally inherited 1.57-Mb deletion in 16q24.1-q24. among which were MAP1LC3B, JPH3, and SLC7A5 . Case 8 had a 77-kb deletion of chromosome 4q12 (chr4: 56985292-57062624) comprising the genes PPAT , PAICS , and SRP72 . In case 14, a 250-kb deletion of 16p13.2 (SNP_A-4205445 ] SNP_A-2004534) of unknown origin involving GRIN2A, that encodes an NMDA receptor subunit, was identified. Submicroscopic deletions, point mutations and translocation in 16p13 encompassing GRIN2A have recently been associated with neurodevelopmental phenotypes [Endele et al., 2010; Reutlinger et al., 2010] . This deletion may therefore also contribute to the phenotype of this patient. Case 15 had a paternally inherited 1.94-Mb duplication of chromosome 4q35.2 (chr4: 187452010-189387111) comprising 7 genes.
The phenotypes of the cases are summarized in table 1 . The clinical phenotype varied among the individuals in this study, although a majority of cases displayed various degrees of developmental delay, ranging from mild to severe, and speech disturbances. Other clinical features present in more than 5 cases included behavioral problems, hypotonia and dysmorphic facial features. Notably, none of the cases in our study had a diagnosed congenital heart defect. 
Discussion
In the present study, we report on the clinical and molecular characterization of 16 individuals with distal duplications of chromosome band 22q11.21-q11.23 (involving LCR22E-H and located distal to the region typically deleted in DiGeorge syndrome). Distal 22q11.21-q11.23 duplications are rare and to date only 22 cases have been reported. We identified in this study 16 such duplications among 11,463 patients tested which results in an estimated frequency of around 0.1%. The estimated frequency is slightly elevated in our patient population compared to the study by Coppinger et al. [2009] , who identified 18 distal duplications among 22,096 patients tested. This may be due to patient selection, since a patient cohort with speech delay, brain malformations and autism spectrum disorders were included in our study. In concordance with the findings by Coppinger et al. [2009] , many of the duplications in our cohort were flanked by LCRE-H and LCRF-H. Since BCRL-E, BCRL-F, and BCRL-H are in the same orientation [Shaikh et al., 2007] , our findings of E-H-, E-F-and F-H-mediated duplications support the hypothesis by Shaikh et al. that 2007]. More surprising was that 3 of our distal breakpoints were not flanked by known LCR22s, but all resided in a region of ϳ 20.9-21.0 Mb on chromosome 22q ( fig. 1 ). This could indicate an additional locus that predisposes to NAHR (the proximal breakpoints lie within LCR22s likely excluding a replication-based mechanism). Case 16 in our study, with a de novo duplication involving LCRF-H, has a phenotype that is highly concordant with that of patient 14 in the study by Coppinger et al. [2009] (in that article, the patient L photo in fig. 1 corresponds to patient 14 in table 2 [pers. commun.] ). Both cases had speech impairment and they have a similar facial appearance ( fig. 2 ) , although neither shows evident facial dysmorphic features. Case 16 had very mild developmental delay but severe speech and language disturbance. It is noteworthy that 6 of the 10 patients with E/F-H duplications in our study had a speech delay. Case 7 had expressive language impairment with articulation difficulties. She was also reported to be shy and oversensitive and had problems in maintaining friendships. Her father, who did not carry the duplication, had literacy problems and a family history of dyslexia. Case 7 and her 2 older brothers, neither of whom carried the duplication, all attended mainstream education and had performance IQ in the normal range. The oldest brother had some expressive vocabulary problems but was otherwise linguistically normal and the younger of the brothers had some difficulties in following and giving simple instructions but had no overt language difficulties. Case 8 used approximately 20 words and she did not put 2 words together at the age of 3.5 years. Case 10 spoke his first words at 4 years of age and although was later able to speak, he has had a severe decline in functioning since age 25 and can no longer speak. Furthermore, he had a gastrostomy because of severe difficulties with swallowing, and he is now wheelchair dependent due to progressive spasticity. There is a high suspicion of a mitochondrial disorder, although this could not be confirmed by genetic tests ( TK2, POLG1, DGUOK, Twinkle, PDHA1 mutation analysis in fibroblasts).
So far, microduplications of distal chromosome 22q11.2 may be largely undetected as a result of an unspecific and/or mild phenotype leading to problems with ascertainment. In concordance with previous studies of both proximal and distal 22q11.2 duplications, we found a high degree of inherited duplications (in 83% of cases in this study where parental samples were available). Parents of a child with an inherited chromosome abnormality may sometimes show mild variations of the child's phenotype, which for example have been reported for the 22q11.21 microdeletion syndrome that predominantly has a de novo occurrence [Leana-Cox et al., 1996; McDonald-McGinn et al., 1997 , 2001 Ryan et al., 1997; Matsuoka et al., 1998 ]. Unfortunately, we only had phenotypic data available on 7 of the parents from whom duplications were inherited. Six of these parents were reported to be healthy and 1 parent was affected.
The varied phenotypic expression and incomplete penetrance observed for distal 22q11.2 duplications makes it exceedingly difficult to ascribe pathogenicity for these duplications. Although the fact that all probands reported so far display a clinical phenotype might be due to ascertainment bias, distal 22q11.2 duplications are rarely reported as normal variants. The duplications reported in control samples in the Database of Genomic Variation [http://projects.tcag.ca/variation/] overlapping the duplications identified in our patients are smaller and do not cover all the genes. Given that distal 22q11.2 duplications, along with a growing number of recurrent genomic deletions and duplications [Itsara et al., 2009 ], appear to be enriched in individuals with neurodevelopmental and neurobehavioral phenotypes compared to control samples, it is likely that distal 22q11.2 duplications represent a susceptibility/risk locus for speech and mild developmental delay rather than causal variants. These copy number changes are insufficient to cause the observed phenotypic abnormality, and additional genetic, epigenetic or environmental factors may be required. To this end, it is noteworthy that a digenic/multigenic model has recently been demonstrated for 16p12.1 deletions [Girirajan et al., 2010] , which are inherited in the majority of cases and show considerable variability in expression. These deletions have been shown to cooccur with secondary pathogenic or 'uncertain significance' copy number change in approximately 24% of cases. The second hit could potentially be another copy number variant, a disruptive single-base-pair mutation in a functionally related gene, or an environmental event that influences the phenotype. We identified additional copy number changes of unclear clinical significance in 5 of our cases making a 2-hit event plausible. These additional copy number changes were in case 2, 3 and 15 inherited and in case 8 and 14 parental samples were not available. In case 15, the additional copy number change was inherited from the parent carrying the 22q11 duplication. However, in case 2 and 3, the additional change was inherited from the non-22q11.2 duplication carrier parent making these additional copy number changes good candidates for the 'second hit' event. Nevertheless, proving digenicity/multigenicity in individual cases is not feasible at present, and it is unlikely that copy number variations represent the additional 'hit' in the majority of cases. The study of individuals/families with distal 22q11.2 duplications by whole genome or exome sequencing, as has recently been demonstrated on a small number of idiopathic mental retardation cases [Vissers et al., 2010] , may begin to shed light on how and to what extent the duplications contribute to phenotypic expression.
Conclusion
Although there are now more than 35 index cases with distal 22q11.2 microduplications (including the cases from this study) reported in the literature, extended investigations of families harboring these duplications are needed to provide insight into the mechanisms of pathogenicity of these duplications. There is an urgent need for ascertainment of risk figures for phenotypic abnormality in individuals with 22q11.2 distal duplications to help alleviate the current interpretational challenges for diagnostic (including prenatal) testing and counseling.
